This study explored the relationships among multimodal imaging, clinical features, and language impairment in patients with left temporal lobe epilepsy (LTLE). Fourteen patients with LTLE and 26 controls underwent structural MRI, functional MRI, diffusion tensor imaging, and neuropsychological language tasks. Laterality indices were calculated for each imaging modality and a principal component (PC) was derived from language measures. Correlations were performed among imaging measures, as well as to the language PC. In controls, better language performance was associated with stronger leftlateralized temporo-parietal and temporo-occipital activations. In LTLE, better language performance was associated with stronger right-lateralized inferior frontal, temporo-parietal, and temporo-occipital activations. These right-lateralized activations in LTLE were associated with right-lateralized arcuate fasciculus fractional anisotropy. These data suggest that interhemispheric language reorganization in LTLE is associated with alterations to perisylvian white matter. These concurrent structural and functional shifts from left to right may help to mitigate language impairment in LTLE.
Introduction
Temporal lobe epilepsy (TLE) is the most common localizationrelated epilepsy in adults and it is highly refractory to pharmacological treatment (Zimprich et al., 2004) . Due to the involvement of the temporal lobes in language and semantic processing (Pujol, Deus, Losilla, & Capdevila, 1999; Springer et al., 1999) , patients with chronic TLE often have language impairment, including poor auditory naming, visual naming, and verbal fluency (Bell et al., 2001; Hamberger & Tamny, 1999; N'Kaoua, Lespinet, Barsse, Rougier, & Claverie, 2001; Oyegbile et al., 2004) . This is particularly characteristic of patients with left TLE (LTLE) who may have damage to the left hippocampus, lateral temporal neocortex, and perisylvian white matter Lin, Riley, Juranek, & Cramer, 2008; McDonald et al., 2008) .
Standard of care for patients with well-localized pharmacoresistant TLE is anterior temporal lobectomy (ATL), which typically consists of the removal of anterior portion of the hippocampus, parahippocampal gyrus, and amygdala, with variable resection of the temporal lobe neocortex and underlying white matter (Jetté, Sander, & Kezzer, 2016; Wiebe, Blume, Girvin, & Eliasziw, 2001 ). Thus, removal of the left (i.e., typically language dominant) temporal lobe may exacerbate language deficits in patients with LTLE if language networks have not relocated in response to injury (Bonelli et al., 2012; Hermann et al., 1999) . Fortunately, in many patients with LTLE, language networks may ''shift" to homologous regions in the right hemisphere in an adaptive process called http://dx.doi.org/10.1016/j.bandl.2017.03.012 0093-934X/Ó 2017 Elsevier Inc. All rights reserved.
reorganization. This is most frequently observed in patients with an early age of seizure onset, left-handedness and the presence of mesial temporal sclerosis (MTS) on magnetic resonance imaging (MRI) (Pataraia et al., 2004; Springer et al., 1999) . However, because the likelihood and degree of reorganization differs significantly across patients, a major goal of the presurgical evaluation is to localize language networks in TLE in efforts to quantify the risk for language decline following ATL.
In recent years, functional MRI (fMRI) has emerged as a popular method for lateralizing language networks in patients with LTLE, and there is some evidence that it can successfully predict language decline following ATL (Bonelli et al., 2012; Sabsevitz et al., 2003) . Specifically, studies have shown that patients with LTLE who have a more bilateral or right-sided language activation pattern in perisylvian regions, including inferior prefrontal and posterior superior temporal lobe regions, experience less decline on neuropsychological measures of language than those with a leftlateralized pattern (Sabsevitz et al., 2003) . However, only a portion of the patients with LTLE with right-sided language on fMRI have preserved language functions, suggesting that the blood-oxygenlevel dependent (BOLD) response may not reflect all the factors involved in successful language reorganization (Labudda, Mertens, Janszky, Bien, & Woermann, 2012) .
Recent studies have suggested that language reorganization may depend on the degree of structural or microstructural alterations within perisylvian networks, but the evidence in patients with TLE is mixed. In healthy controls, some studies have shown a relationship between structural asymmetry of arcuate fasciculus (ARC) and functional asymmetry (e.g., Propper et al., 2010) , whereas others have not (e.g., Vernooij et al., 2007) . In patients with LTLE, Powell et al. (2007) found that rightward asymmetry in fractional anisotropy (FA) of frontotemporal fiber tracts in LTLE was associated with rightward asymmetry in fMRI language activations, suggesting that language reorganization in LTLE may be explained by alterations to the left hemisphere white matter. Conversely, Rodrigo et al. (2008) found that an association between reduced asymmetry in FA of the ARC and reduced asymmetry in fMRI activations was only observed in patients with right TLE, but not in patients with LTLE, suggesting a de-coupling of white matter microstructure and the BOLD response. This inconsistency highlights the complexity of language reorganization in patients with LTLE, warranting additional research into the underlying architecture of language networks in TLE.
There is also emerging evidence that reorganization within neocortical structures may accompany and/or facilitate a shift in the BOLD response. Labudda et al. (2012) studied 20 LTLE patients with typical and 20 LTLE patients with atypical (i.e., right-sided) language dominance on fMRI. They found that LTLE patients with atypical language dominance had increased gray matter volumes within right-sided temporo-lateral and frontal regions relative to those with typical language dominance. Furthermore, the degree of atypical fronto-temporal language activation correlated with temporal and frontal lobe gray matter volumes. However, patients with typical and atypical language dominance did not differ in terms of language performance. These findings complement those from multimodal imaging studies of fMRI-diffusion tensor imaging (DTI), suggesting that functional reorganization within language networks may depend, in part, on underlying structural changes. However, these structural and functional ''shifts" do not always co-occur, nor do they appear to necessarily facilitate language performance.
Although existing studies have examined associations between fMRI-DTI or fMRI-volumetric MRI to understand language reorganization in TLE, no studies have combined all three imaging modalities to our knowledge. Therefore, the goals of this study were (1) to characterize the relationship between fMRI language lateralization and asymmetries in both DTI and volumetric MRI measures, and (2) to determine the contribution of each brain imaging derived measure to language performance in LTLE. In addition, we examined the contribution of important clinical/demographic variables (i.e., age of seizure onset, handedness, presence of MTS) to both our imaging and neuropsychological measures. Such information could yield critical insight into the neurobiological underpinnings of language reorganization in LTLE, which may help to explain variability in pre-operative language functioning as well as post-operative language decline following left ATL.
Methods

Participants
This study was approved by the Institutional Review Board at the University of California, San Diego (UCSD) and all participants provided informed consent according to the Declaration of Helsinki. Fourteen patients with a diagnosis of LTLE and 26 healthy controls were included in this study. All patients were medicallyrefractory and under evaluation for surgical treatment at the UCSD Epilepsy Center and were diagnosed by board-certified neurologists with expertise in epileptology, according to the criteria defined by the International League Against Epilepsy (Kwan et al., 2010) . Patients were classified as LTLE based on seizure onsets recorded by video-EEG telemetry, supported by seizure semiology and neuroimaging results. Clinical MRI scans were available on all patients (i.e., T1-weighted, T2-weighted, and coronal FLAIR sequences with 1 mm slices through the mesial temporal lobe). MRIs were visually inspected by a board-certified neuroradiologist for detection of MTS and the exclusion of contralateral temporal lobe structural abnormalities. MRI findings revealed that nine patients had ipsilateral MTS and five patients had normal MRIs. No patients showed evidence of contralateral MTS or extrahippocampal pathology on clinical MRI. The clinical characteristics and medication information for all patients are presented in Table 1 . Control participants were screened for neurological or psychiatric conditions.
The mean age of the LTLE group (M = 40.1, SD = 12) was not statistically different from the control group (M = 36.3, SD = 14.2), t (38) = 0.85, p = 0.4. However, the healthy controls attained more years of education (M = 15.9, SD = 2.4) than patients with LTLE (M = 14.1, SD = 1.8), t(38) = À2.46, p = 0.019. The distribution of the sex and handedness were comparable between groups (sex: v 2 = 1.71, p = 0.191; handedness: v 2 = 3.13, p = 0.077), and the distribution of the language status (i.e., English as first language versus second language) was also comparable between groups (v 2 = 1.91, p = 0.386). One patient and three controls' fMRI data was removed due to excessive head motion.
Materials and procedures
fMRI, volumetric MRI, DTI, and neuropsychological testing of language were performed on all participants according to the procedures described below.
Neuropsychological tasks
Participants were administered the Boston Naming Test, a visual confrontation naming measure (BNT; Kaplan, Goodglass, & Weintraub, 1983) ; Auditory Naming Test, an auditory naming test in which participants are provided with verbal cues (ANT; Hamberger & Seidel, 2003) , and Category Fluency (CF) and Letter Fluency (LF) subtests from the Delis-Kaplan Executive Function System (Delis, Kaplan, & Kramer, 2001) , as part of a larger neuropsychological test battery. Category fluency and letter fluency are measures of sematic and phonemic fluency, respectively. Agecorrected scaled scores were calculated for the BNT, CF, and LF based on normative data provided in the test manuals; and zscores were calculated for the ANT based on normative data published in Hamberger and Seidel (2003) .
FMRI language task
During fMRI scanning, the participants performed an eventrelated semantic judgment task that has previously shown strong perisylvian activations in both healthy controls and patients with TLE (McDonald et al., 2010; Thesen et al., 2012) . Two runs of the task were presented. In each run, participants were visually presented with one stimulus at a time as light gray letters on a black background in Arial font. For each run, the stimuli consisted of 80 novel words (NW) that were presented only once, 80 ''old" words that were repeated 1 to 10 times on 8 presented novel words, 80 false font stimuli (FF), and 24 target words (animals). The NW stimuli were nouns with 4-8 letters, with a written lexical frequency of 3-80 per 10 million (Francis & Kucera, 1982) . The FF stimuli were comprised of alphabet-like characters that were matched in size and number of characters to each NW stimulus in order to control for visual features of the stimuli . The target words consisted of moderate to low frequency animal names. Participants were instructed to respond to the presence of target words by pressing a button. The stimuli were presented in pseudo-random order with a rapid 900-ms stimulus onset asynchrony followed by a 600-ms crosshair. Temporal jittering with 198 500-ms null baseline trials (presenting only a visual crosshair) was optimally inserted throughout the runs, using the program Optseq2 (Dale, 1999) . Presentation software (Neurobehavioral Systems, Inc, Albany, CA, U.S.A.) was used to present stimuli and collect participants' responses. In this present study, the contrast between NW and FF stimuli was used as the primary contrast to model lexical-semantic processing. This contrast has been shown to be robust for language mapping in patients with TLE and healthy controls (McDonald et al., 2010; Thesen et al., 2012) .
Data acquisition
All patients were self-reported to have remained seizure-free for a minimum of 24 hours prior to the MRI scan. All imaging was performed on a General Electric Discovery MR750 3T scanner with an 8-channel phased-array head coil at the Keck Center for Functional MRI at UCSD. The sequence of image acquisition was a conventional three-plane localizer, GE calibration scan, a T1-weighted 3D customized FSPGR structural sequence (TR = 8.08 ms, (TR = 8000 ms, TE = 82.9 ms, flip angle = 90°, FOV = 240 mm, matrix = 96 Â 96 m, slice thickness = 2.5 mm, echo-spacing = 588 ms). The diffusion-weighted and fMRI scans were acquired for each individual using two different phase encoding directions (forward and reverse) to correct for geometric distortions in the EPI images (Holland, Kuperman, & Dale, 2010) . For fMRI, the order and combination of the two phase encoding directions and two word lists were counterbalanced across the participants to control for order effects.
2.4. Pre-processing of imaging data 2.4.1. Volumetric and cortical thickness Individual T1-weighted images were used to construct models of each participant's cortical surfaces using FreeSurfer software 5.1.0 (http://surfer.nmr.mgh.harvard.edu) (Dale, Fischl, & Sereno, 1999; Dale & Sereno, 1993) . The reconstructed surfaces were visually inspected for any defects and manually edited according to established software guidelines. The cortical surface was then parcellated into regions of interest (ROIs) according to the Destrieux atlas (Destrieux, Fischl, Dale, & Halgren, 2010) .
Functional MRI
The fMRI data analysis was carried out using Analysis of Functional NeuroImages (AFNI; Cox, 1996) , SUMA (Saad & Reynolds, 2012) , and Matlab programs (MathWorks, Natick, MA). Each participant's data was preprocessed with the following steps. In order to accurately co-register functional and structural MRI datasets, any distortions caused by gradient nonlinearities and B0 magnetic field inhomogeneities in both functional and structural MRI were minimized according to Holland et al. (2010) . Head motion between scans was removed by rigid-body registration to the first functional run and head motion within scan was removed using AFNI's 3dvolreg. Each time series was shifted so that each slice was aligned to the first acquired slice using AFNI's 3dTshift. EPI datasets were aligned to one another and to the T1-weighted images, and then were resampled to 2.5 mm 3 isotropic voxels. Both cortical parcellations and subcortical volume segmentations were imported, aligned, and applied to the EPI using SUMA's @SUMA_-Make_Spec_FS. The time series data were also scaled by computing the mean of each voxel time series in order to calculate the percent signal change using AFNI's 3dTstat and 3dcalc. Then, the preprocessed time series data for each individual were analyzed based on the general linear model using AFNI's 3dDeconvolve with tent function. Six separate regressors spaced at a TR of 3 s for each stimulus type were used to cover a 15-s period after stimulus onset. Thus, for each voxel, six amplitudes for each stimulus class were generated. Additional regressors were used to model motion residuals. Baseline drifts were also modeled using quadratic polynomials. The regression coefficients that formed the response function for the first through second post-stimulus time points (corresponding to 3-6 s post-stimulus onset) were then used in general linear tests, for the contrast of NW and FF (NW-FF).
DTI
FA and mean diffusivity (MD) values were derived using an automated probabilistic diffusion tensor atlas of fiber track locations and orientation that was developed using in-house software written in Matlab and C++. This fiber track atlas has been validated in both healthy controls and patients with TLE . A full description of the atlas and the steps used to create this atlas is provided in Hagler et al. (2009) . For each participant, T1-weighted images were used to nonlinearly register the brain to a common space, and diffusion tensor orientation estimates were compared to the atlas to obtain a map of the relative probability that a voxel belongs to a particular fiber tract given the location and similarity of diffusion orientations. Voxels identified with FreeSurfer as cerebrospinal fluid (CSF) or gray matter were excluded from the fibers of interest (see the description in Hagler et al., 2009) . Guided by the atlas, fiber tracts were segmented for each individual and mean FA and MD values were calculated based on that participant's diffusion data. For this study, FA and MD were calculated for both the left and right ARC and inferior frontooccipital fasciculus (IFOF) (Fig. 1a) . The ARC was considered the primary tract of interest due to its well-established role in the language network and putative connectivity between our cortical regions of interest in left inferior prefrontal (Broca's area) and posterior superior temporal lobe regions (Wernicke's area) (Catani & Mesulam, 2008; Friederici & Gierhan, 2013) . The IFOF was also included due to evidence that this fiber tract is involved in semantic processing and object naming (Mandonnet, Nouet, Gatignol, Capelle, & Duffau, 2007) , and is believed to subserve the direct ventral pathway for language (Almairac, Herbet, Moritz-Gasser, de Champfleur, & Duffau, 2015) .
Post-processing of imaging data 2.5.1. Laterality indices in MRI datasets
Multiple-parcelled Destrieux regions were combined to create three ROIs: temporo-occipital (TO), temporo-parietal (TP), and inferior frontal (IF) regions. Selection of these ROIs was guided by previous fMRI and magnetoencephalography (MEG) studies that have identified these three regions as critical to different aspects of language processing, including visual word form processing, lexical access, and phonological processing, respectively (e.g., Dehaene & Cohen, 2011; Poldrack et al., 1999; Thesen et al., 2012) . These regions are also frequently used to determine language laterality in patients with TLE (e.g., Adcock, Wise, Oxbury, Oxbury, & Matthews, 2003; Binder et al., 1996) . The exact placement of each ROI was determined by the statistical activation maps of the NW-FF contrast from the healthy control group in this present study. The three ROIs are displayed in Fig. 1b . For cortical thickness data, average thickness was calculated for the IF, TP, and TO regions separately for each hemisphere. For fMRI data, the number of activated voxels above the threshold of p = 0.01 with cluster size > 2.6 were counted within each of the ROIs for each hemisphere. For DTI data, Skovlund and Fenstad (2001) . The equality of variances between the two groups was assessed by Levene's test. Due to the unequal sample sizes between groups, a WMW test was performed and the Z value was reported if the variances were equal, whereas a Welch U test was performed and the F value was reported if the variances were unequal. Post-hoc paired t-tests were performed to test for significant differences between the right and left hemisphere imaging measures (i.e., to determine whether there was a laterality effect within each group) when the between group difference was not significant.
Development of the language principal component (PC)
Principal component analysis was used to reduce the number of neuropsychological variables (BNT, ANT, CF, and LF), and therefore, the likelihood of Type I errors, and to determine if the four language tasks could be reduced to a single meaningful ''language" score based on the rule of eigenvalue greater than 1. This newly generated PC variable was named ''Language PC," and it was used to represent language performance in this study.
Correlation and regression analyses
Spearman rho correlations were performed to examine the relationships between the structural (DTI and volumetric MRI) and functional MRI imaging laterality indices, as well as test the relationship of all brain imaging laterality indices to the Language PC, co-varying for years of education and language status. The associations between brain imaging measures and clinical variables (i.e., age of seizure onset, MTS, and handedness) were also evaluated. Due to multiple comparisons made in this study and the possibility of Type I errors, a randomization test with 10,000 repetitions was performed to determine the probability of getting the observed correlations. The randomization test was only performed on correlations with p < 0.05.
Hierarchical multiple regression was then used to build a language prediction model in LTLE. In addition, commonality analysis was used to determine the distinct contributions of variance from potential confounding variables, and ANOVA was used to test the significance of the incremental variances. To build this model, we first selected brain imaging variables based on whether they were directly correlated with the Language PC (''direct" variables) or indirectly related to the Language PC (correlated with the ''direct" variables). These indirect variables were included in the model in order to test whether they mediate the relationship to the Language PC. The sequence of entering these variables was listed as follows: The first group of variables to be entered consisted of the cortical thickness and white matter laterality measures (Block 1). The second group of variables to be entered consisted of the group of BOLD laterality measures (Block 2). We entered the structural variables before functional variables due to preclinical evidence that structural changes appear to precede functional ones (O'Reilly et al., 2013) . This allowed us to test whether functional laterality contributes additional variance beyond the structural information. Due to the high covariance among these measures, the commonality and ANOVA analyses were performed during each step to determine whether each modality contributed additional variance to the Language PC.
Results
Descriptive and inferential statistics for the neuropsychological and the brain imaging measures for each group are presented in Table 2 .
Patients with LTLE performed significantly worse than the controls on all neuropsychological measures of language. The four language tasks were highly correlated with each other across all participants (all Pearson r's ranged from 0.49 to 0.67). The eigenvalues of principal component analysis were 2.74, 0.51, 0.45, and 0.3, and the first principal component accounted for 69% of the total variance using the four language measures. The loading values of the four language measures on the first principal component were: 0.81 in BNT, 0.78 in ANT, 0.83 in LF, and 0.88 in CF.
The fMRI laterality index was significantly lower in the LTLE group compared to the controls in the TO region, with a trend toward a lower laterality in the IF region. Post-hoc paired t-tests revealed that controls showed significantly greater activation in the left than in the right in IF and TP regions (IF: t(22) = À6.14, p < 0.001, TP: t(22) = À3.56, p = 0.002), whereas patients with LTLE only showed greater activation in the left TP region (IF: t(12) = À1.64, p = 0.126, TP: t(12) = À3.08, p = 0.01).
There were no significant differences in FA laterality between patients and controls in the two tracts of interest. In controls, FA values were greater in the left compared to the right for the ARC (t(24) = À4.52, p < 0.001), whereas there was a trend for greater left than right FA in the IFOF (t(24) = À1.85, p = 0.077). In patients with LTLE, there was only a trend for left greater than right FA was observed in the ARC (t(12) = À2.13, p = 0.055), but not in the IFOF (t(12) = 0.84, p = 0.418). In addition, patients with LTLE showed a trend for higher MD laterality in the ARC and IFOF compared with controls. In controls, MD values on the left were significantly greater than the right in the ARC (t(24) = À2.73, p = 0.012), but a trend in the IFOF (t(24) = À1.73, p = 0.096). In the patients with LTLE, the MD values on the left were significantly greater than the right in these two tracts (ARC: t(12) = À3.1, p = 0.009; IFOF: t (12) = À2.80, p = 0.016).
There were no differences between the patients with LTLE and controls in cortical thickness laterality for the three ROIs (IF, TP and TO). The paired t-tests revealed that both controls and the patients with LTLE had greater right than left cortical thickness in the TP (controls: t(25) = 4.37, p < 0.001; LTLE: t(13) = 2.39, p = 0.03) and TO regions (controls: t(25) = 3.81, p < 0.001; LTLE: t (13) = 4.39, p < 0.001), but not in the IF region (controls: t(25) = 0.64, p = 0.53; LTLE: t(13) = 0.31, p = 0.76).
Correlations between clinical variables and brain laterality measures
In patients with LTLE, earlier age of seizure onset was associated with greater right-lateralized FA in the IFOF (q = 0.75, p = 0.003, randomization p = 0.001) and greater left-lateralized MD in IFOF and ARC (IFOF: q = À0.64, p = 0.018, randomization p = 0.01; ARC: 
Correlations between fMRI, cortical thickness, and DTI laterality
All of the correlations among imaging measures are displayed in Table 3 . In controls, there were no significant associations observed between laterality of fMRI and laterality of cortical thickness or DTI measures. Conversely, in the patients with LTLE, greater rightlateralized BOLD responses in both the IF and TP regions were associated with greater right-lateralized FA in the ARC. In addition, greater right-lateralized BOLD responses in the TO region were associated with greater right-lateralized cortical thickness in the same region.
Correlations between brain imaging measures and the language PC
In controls, greater left-lateralized BOLD responses in the TP and TO regions were associated with better performance on the Language PC (Table 3 ). In the patients with LTLE, greater rightlateralized BOLD responses in all three ROIs and cortical thickness in the TO region were associated with better performance on the Language PC.
Proposed language model in the patients with LTLE
Since all three BOLD responses (IF, TP, and TO) and cortical thickness in TO region were directly correlated with the Language PC, they were all included in the hierarchical model. FA of the ARC was also included in the model because it was associated with BOLD responses. The first step was to enter the structural variables (i.e., cortical thickness in the TO region and FA in the ARC) into the regression model. These two structural variables accounted for a total of 60% (R 2 adj = 0.49) of the variance. A follow-up commonality analysis revealed that the unique variance accounted for by FA in the ARC was 39% (total variance = 0.51), whereas cortical thickness laterality in the TO region accounted for 9% of the unique variance (total variance = 0.21). FA in the ARC (p = 0.02) accounted for significant variance in Language PC, but cortical thickness in the TO region did not (p = 0.185). Thus, only FA in ARC was retained in the model. After controlling for ARC FA, the three BOLD responses were entered. These three BOLD variables accounted for an additional 27% of the variance. A follow-up commonality analysis revealed that these three BOLD variables were highly co-linear (common variance: IF = 0.11, TP = 0.14, TO = 0.13), but BOLD in the TP had highest unique variance (IF = 0.01; TP = 0.11, TO = 0.01). To reduce the number of predictors in the model, only FA in the ARC and BOLD in the TP were retained. In total, these two variables explained up to 76% of the variance (R 2 adj = 0.70, p = 0.006) with the effect size of 0.70 (recommended by Yin & Fan, 2001) in Language PC.
Typical versus atypical language dominance
Commensurate with much of the clinical fMRI literature (e.g., Springer et al., 1999; Gaillard et al., 2002; Yuan et al., 2006) , the patients were divided into those with ''typical" and ''atypical" language dominance based on their BOLD laterality in the IF and TP regions. If the individual's BOLD LI was below 0.2 for both IF and TP regions, then that individual was categorized as ''atypical." The value of 0.2 for laterality index was chosen based on previous cut-offs used to characterize atypical language dominance (e.g., Janszky, Mertens, Janszky, Ebner, & Woermann, 2006; Labudda et al., 2012; Springer et al., 1999) . Fig. 2 plots the laterality index of BOLD responses in the IF and TP regions for all the patients with LTLE and controls. Six patients with LTLE were categorized as atypical based on this criterion, whereas 7 patients with LTLE were categorized as typical. Descriptive results showed that 50% (3 of 6) of the patients with LTLE with atypical language dominance scored less than 2 standard deviations below the mean of controls on the Language PC, whereas 71% (5 of 7) 1 of the patients with LTLE with typical language dominance scored greater than 2 standard deviations below the mean of controls. To illustrate this at the individual patient level, Patient A1 had the most right-lateralized language activations (i.e., most atypical patient), and Patient T7 had the most leftlateralized language activations (i.e., most typical patient). Patient T7 obtained the lowest score on the Language PC. Both Patient A1 and Patient T7 0 s functional activation maps were presented in the middle and the right panel in Fig. 3 , respectively. Patient A1 0 s FA in the ARC (LI = 0.01) showed a lower leftward asymmetry relative to Patient T7 (LI = 0.035), who showed a pattern for left lateralized asymmetry.
Clinical characteristics of the atypical and typical patients with LTLE were represented in Table 1 . The results of the descriptive statistics showed that the patients with atypical language dominance tended to have an earlier age of seizure onset (M = 15.5, SD = 14.1) and longer seizure history (M = 26.2, SD = 19.9) than typical language dominance patients (onset: M = 19.8, SD = 15.8; history: M = 22.9, SD = 8.6). In addition, atypical patients with LTLE (ANT: M = À5.37, SD = 2.15; BNT: M = 6.17, SD = 1.32; LF: M = 9.5, SD = 4.04; CF: M = 8.17; SD = 1.33) tended to have better performances than typical patients with LTLE across all four tasks (ANT: M = À12.45, SD = 17.17; BNT: M = 6, SD = 2; LF: M = 8.43, SD = 3.74; CF: M = 6.14; SD = 3.76). Thirty-three percent of patients with atypical language dominance (2 of 6) were left-handed whereas 14% of typical patients with LTLE (1 of 7) were lefthanded. Sixty-seven percent of patients with atypical language dominance (4 of 6) had MTS whereas 71% of typical patients with LTLE (5 of 7) had MTS. However, the sample sizes for both groups were too small to perform inferential statistics.
Discussion
With increasing use of fMRI for language localization in patients with TLE and other neurosurgical populations, there is great interest in understanding (1) the relationship between BOLD responses and underlying structural pathology, and (2) the association among different imaging measures and language performance in TLE. This is particularly relevant for the patients with LTLE, whose language networks may reorganize in response to an early epileptic insult.
In this study, we showed that healthy controls had a leftlateralized pattern of language activation on fMRI, and also had a higher FA of the left relative to the right ARC at the group level. These findings are similar to those revealed by Powell et al. (2006) and Rodrigo et al. (2008) and are thought to reflect natural asymmetries intrinsic to a healthy perisylvian network. In addition, our results revealed that higher left-lateralized activations in our controls were associated with stronger performances on neuropsychological measures of language. Conversely, patients with LTLE showed the opposite pattern. That is, greater activations in the right hemisphere language homologues were associated with stronger language performances. Furthermore, this left to right ''shift" in the BOLD response in the patients with LTLE was associated with a reduced asymmetry in FA of the ARC. This suggests that the degree of disruption within perisylvian white matter in the left hemisphere may result in an adaptive shift in language networks in LTLE. It is of interest that DTI laterality was directly associated with fMRI laterality in patients with LTLE, whereas this correlation did not hold in controls. This may be due to the restricted range of fMRI laterality values in healthy controls relative to the much broader range of values observed in patients with LTLE. This find- 1 Two patients with LTLE with typical language dominance did not have a Language PC score because they were missing data for one of the four neuropsychological measures. One patient's language performances were less than 2 standard deviation below the mean of controls on two of the three available measures (ANT and CF) whereas the other patient's performances were greater than 2 standard deviation below the mean of controls on three available measures. Therefore, one patient was included in the impaired group and another patient was included in the unimpaired group in the individual subject analyses.
ing is in line with some existing literature that has failed to observe direct associations between DTI-fMRI in controls (e.g., Vernooij et al., 2007) . At the individual subject level, descriptive analysis further revealed that 71% of the patients with typical language dominance, whereas only 50% of the patients with atypical language dominance were impaired in their language performance compared with controls. These data add to the existing literature by not only demonstrating an association between functional and microstructural measures of reorganization in LTLE, but also by revealing a direct association of imaging measures to language performance at the group and individual subject levels.
Despite fMRI-DTI correlations, we did not find group differences in cortical thickness for either the IF or TP regions, nor did we find cortical thickness laterality within these regions to be associated with shifts in the BOLD response or language performances. This is not too surprising since there are data to suggest that cortical thickness does not necessarily correlate with the magnitude of the local BOLD response (Barnett, 2012; Hegarty et al., 2012; Squeglia et al., 2013) . In addition, although white matter along late The empty square indicates that patient's language performance was greater than 2 standard deviations below of the mean in the control group, whereas the solid square indicates that patient' language performance was less than 2 standard deviations below the mean of the control. Fig. 3 . The fMRI activation maps(Each participant's anatomical and functional data were transformed into N27 atlas space (Mazziotta et al., 2001) for creating individual and group statistical maps. The functional data for each participant were then smoothed using a 4-mm full-width half maximum (FWHM) Gaussian kernel in AFNI's 3dmerge
program. The statistical maps were corrected for multiple comparisons by using a combined significance level of p < 0.01 and a cluster size > 25 voxels, for a corrected a of 0.05 as determined by 3dClustSim.) for the contrast of NW > FF in the control group, Patient A1, and Patient T7. The activation in the inferior frontal, temporo-parietal, and temporo-occipital regions were indicated by the cyan, orange, yellow arrows, respectively. The z coordinate was presented in Talairach space. p < 0.01, cluster size > 25 voxels, corrected a < 0.05. myelinating fiber tracts has been shown to be highly affected and this effect was greater in the side of seizure focus in TLE Kemmotsu et al., 2011; Lee et al., 2013) , cortical thinning appears to follow a more bilateral pattern, perhaps making the laterality index less remarkable (Lin et al., 2007; McDonald et al., 2008) . Furthermore, an earlier age of seizure onset has been associated with greater white matter alterations along frontotemporal white matter in TLE, whereas cortical thinning is more frequently associated with a longer disease duration (Bernhardt et al., 2009; Kemmotsu et al., 2011; McDonald et al., 2008) . These data suggest that white matter versus neocortical alterations in TLE may be due to different underlying disease characteristics (i.e., neurodevelopmental versus neurodegenerative, respectively), thus differentially affecting language abilities in LTLE. However, it is of interest that in the patients with LTLE with atypical language dominance, 67% showed right > left cortical thickness in the IF region and 83% showed right > left cortical thickness in the TP region, and this pattern was further influenced by the presence of MTS. Conversely, in patients with LTLE with typical language dominance only 29% and 43% showed this pattern, respectively. These trends in the data are consistent with those found in Labudda et al. (2012) and suggest that functional reorganization within language networks may also depend on damage to the underlying cortex, but perhaps to a lesser degree. Unlike Labudda et al. (2012) , our data revealed a strong association between inter-hemispheric shifts in the BOLD response in all three regions and language performances in patients with LTLE. The reason for these discrepant findings is unclear, but they could be due to a number of methodological factors, including differences in task design (i.e., semantic judgment versus verbal fluency), different approaches for estimating cortical structure (i.e., cortical thickness versus cortical volumes from voxel-based morphometry), and/or differences in our outcome measures (i.e., a composite measure of language versus a single measure of verbal fluency). In particular, we propose that because our Language PC was based on four language measures, it might provide a more comprehensive estimate of language functioning than using a single measure.
It is worth noting that a rightward asymmetry in the BOLD response in the TO region was associated with rightward asymmetry in TO thickness and stronger language performance. Although the TO region was of secondary interest in our analysis due to its location outside the perisylvian network, this region is reliably activated during functional tasks of word reading and is known to play a critical role in letter and visual word-form processing (McDonald et al., 2010; Petersen, Fox, Snyder, & Raichle, 1990; Thesen et al., 2012) . Thus, these results suggest that structural and functional reorganization in some patients with LTLE may occur in the stage of perceiving visual word-forms.
Proposed Model of Language Network Reorganization in LTLE. The three cortical ROIs selected in our study have previously been shown to be engaged in three different stages of lexical-semantic processing using this same visual semantic judgment task measured by fMRI, MEG, and intracranial recordings (see McDonald et al., , 2010 Thesen et al., 2012) . In addition, the two fiber tracts selected for this study, the ARC and IFOF, are thought to subserve the dorsal (phonological) and ventral (semantic) language streams, respectively, and both have been associated with language impairment in TLE (Kucukboyaci et al., 2014; McDonald et al., 2008; Osipowicz, Sperling, Sharan, & Tracy, 2016; Pustina et al., 2014) . Thus, we considered all of these cortical regions and white matter tracts in our analysis. Based on our results, we propose the following. An early age of seizure onset in LTLE likely disrupts the development of left hemisphere fiber tracts, including the ARC and IFOF, reflected by the observed correlation between earlier age of seizure onset and rightward laterality of both language pathways. However, only the rightward shift in the ARC is associated with rightward shifts in both TP and IF BOLD responses, indicating a propensity for perisylvian structures to reorganize together. This functional shift in the IF region may co-localize with a shift in adjacent motor regions, increasing the likelihood of lefthandedness (Berl et al., 2014) . Together, they explained a total of 76% of the variance in language performances. Thus, early alterations to the left ARC may increase the likelihood of an interhemispheric shift in the BOLD response to right-hemisphere language homologues, but the combination of microstructural and functional reorganization allows for the most successful language outcomes in LTLE. It is of note that our model assumes a temporal relationship that cannot be confirmed with the current dataset. Nevertheless, these data support a growing literature suggesting that structural reorganization of the ARC underpins functional plasticity within cerebral networks (Bernhardt, Bernasconi, Hong, Dery, & Bernasconi, 2015; Bernhardt, Chen, He, Evans, & Bernasconi, 2011; Liao et al., 2010; Vaessen et al., 2012) .
Our study has several limitations. First, the sample size of our LTLE group is rather small, limiting our ability to perform inferential statistics between patients with atypical and typical language dominance. However, even with our limited sample size, we observed many robust correlations. In addition, our multimodal imaging approach necessitated that we perform a sizable number of comparisons. Instead of using an approach that may have been too conservative (i.e., Bonferroni) to correct for multiple comparisons, we adopted both non-parametric and randomization tests. Even though randomization tests are less conservative than other methods, they are typically robust (Sham & Purcell, 2014) . Furthermore, we limited our total number of comparisons by creating a single language composite. Second, average cortical thickness in this study was derived within the regions of functional activation. However, fiber tracts were derived using probabilistic tractography. An alternative approach would have been to use the functional data to guide the fiber tracking (i.e., a deterministic approach). This may have led to increased certainty that our fibers of interest innervated our cortical ROIs. However, deterministic tractography also has limitations in that it very user-dependent and subject to both intra-and inter-operator bias. Third, in white matter, FA and MD were used to interpret the integrity of fiber tracts. However, their validity remains limited due to the problem of crossing fibers (even using 30 DTI directions), partial voluming, and noise (Nucifora, Verma, Lee, & Melhem, 2007) . Fourth, language laterality in this study was based on a single fMRI semantic judgment task that did not measure all aspects of language functions. We appreciate that language is not a monolithic construct and a panel of fMRI language paradigms that tap both expressive and receptive language abilities may be optimal for probing language network reorganization in TLE (Gaillard et al., 2004) . However, practical limitations of patient fatigue and scanner time can make performing multiple fMRI tasks in a clinical setting a challenge. Fifth, the selected ROIs in fMRI and cortical thickness were based on the average activation map in the controls. However, the Language PC was derived from language production tasks that all shared a semantic component. Thus, these selected ROIs may not directly reflect the specific components included in the Language PC. Sixth, even though the observed relationship among DTI-fMRI-Language PC led us to conclude that alterations in ARC microstructure may lead to functional reorganization that mitigates language impairment in the patients with LTLE, this causal relationship cannot be established in our study. In a rhesus monkeys model, O'Reilly et al. (2013) demonstrate that disruption of white matter connections causes near-total abolition of functional connectivity, providing some support for this directional relationship. However, the temporal nature of this structure-function relationship and the true contributions of the right hemisphere to language cannot be determined in our study. Lesion or disruptive neuro-stimulation studies would provide more direct support for these hypotheses. Seventh, there are many different patterns of language reorganization that may occur in patients (Berl et al., 2014) . Although inter-hemispheric reorganization is believed to be the most frequent pattern observed in patients with LTLE, intra-hemispheric reorganization (i.e., language regions shifting within the same hemisphere, most often to regions adjacent to perisylvian cortex) can also occur (Bell et al., 2002; Brázdil, Zákopčan, Kuba, Fanfrdlová, & Rektor, 2003; Mbwana et al., 2009 ). Because we selected three ''language-specific" ROIs and their homologues, our analysis would not have captured intrahemispheric shifts. However, intra-hemispheric reorganization is most likely to occur in patients with space-occupying lesions (Hamberger, McClelland, McKhann, Williams, & Goodman, 2007) and these patients were excluded from our study. Finally, this present study does not address the important question as to whether our imaging approach can successfully predict post-operative language outcomes. Answering this question often requires multicenter efforts with large, well-characterized patient cohorts, and this study is currently underway.
Conclusions
This study combined DTI, fMRI, structural MRI and neuropsychological measures to better characterize language network reorganization in the patients with LTLE. We demonstrated that interhemispheric shifts in language in LTLE are associated with damage to perisylvian white matter. Together, structural and functional shifts reflect an adaptive process that appears to mitigate language impairment in LTLE.
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